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TE02-K2O CAMLARININ TERMAL, MİKROYAPISAL VE OPTİK  
KARAKTERİZASYONU 
ÖZET 
 
Tellürit camları hem olası teknolojik özellikleri hem de temel oluşumu açısından 
dikkat çekicidir. Son yıllarda bu camlara olan ilgi gözle görülür biçimde artmış ve 
tellürit camları birçok bilimsel çalışmanın başlığını oluşturmuşlardır. Bunda, tellürit 
camlarının optik switch cihazlara, lazer camı ve silinebilir optik kayıt malzemelere 
iyi birer aday olmalarını sağlayan optik özelliklerinin payı büyüktür. Özellikle ağır 
metal, alkali ve toprak alkali metal oksit içeren tellürit sistemleri optik cam oluşumu 
için uygun malzemelerdir. Bu oksitlere bağlı camlar görünür ve yakın-kızılötesi 
bölgelerde kolaylıkla geçirgen olarak üretilebilirler. Silikat, borat ve florit bazlı 
camlara nazaran düşük ergime sıcaklığı, düşük cam geçiş sıcaklığı ve yüksek 
dielektrik sabiti gibi özelliklere sahiptirler. Ayrıca atmosferik koşullara dirençlidirler 
ve özellikle lazer uygulamaları için büyük oranda nadir toprak iyonları ile 
katkılanabilirler. 
Tellürit camlarının bu özellikleri kolaylıkla kristalizasyon gibi yapısal etkilerle 
değişebilir. Bu bağlamda, lazer malzemeleri olarak kullanılacak tellürit camlarının, 
kullanım esnasında ısınmaya bağlı olarak kristallenmeye maruz kalabilecekleri göz 
önünde bulundurularak, çekirdeklenme ve kristalizasyon mekanizmalarını 
özümsemek önemlidir. 
Bu çalışmada, TeO2- K2O ikili sistemine ait bazı camlarının ısıl özellikleri, 
kristalizasyon kinetikleri, mikroyapısal morfolojileri ve optik özellikleri DTA, XRD, 
SEM ve de UV Spektrometresi yardımıyla incelenmiştir. 
DTA ölçümleri sonucunda, camların cam geçiş, kristalizasyon ve ergime sıcaklıkları 
yardımıyla cam kararlılıkları hesaplanmıştır. Bunun dışında, XRD, Raman 
Spektrometresi ve EDS çalışmalarında kristal yapılar saptanmıştır. Kristalizasyon 
mekanizması bütün cam kompozisyonları için hem kinetik hem de optik çalışmalar 
sonucunda belirlenmiştir. Son olarak da, incelenen camların soğurma aralıkları UV 
Spektrometresi yardımıyla saptanmıştır. 
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THERMAL MICROSTRUCTURAL AND OPTICAL CHARACTERIZATION 
OF TeO2-K2O GLASSES 
 
SUMMARY 
  
Tellurite glasses are of current attention from both a technological and fundamental 
standpoint. Over the past few years, the scientific interest in tellurite glasses has 
increased significantly. This is in part due to the unique optical characteristic of 
tellurite glasses which make them excellent candidates for optical switching devices, 
laser hosts and erasable optical recording materials. Tellurite systems especially 
including heavy element oxides, alkaline and earth-alkaline metal oxides are 
interesting for glass formation. Those glasses can be easily obtained transparent in 
the visible and near infrared regions. In comparison with silicate, borate and fluoride 
glasses, tellurite glasses have low melting point, low glass transition temperature and 
high dielectric constant. They are also resistant to atmospheric moisture and capable 
of incorporating large concentrations of rare-earth ions into the matrix especially for 
laser applications. 
These properties of tellurite glasses can be easily influenced by structural effects 
such as crystallization. So that, understanding of the nucleation and crystallization 
behavior is important to develop and use tellurite glasses used as laser material, 
which will bear high thermal loads, and thus will be subjected to crystallization, 
during laser applications. 
In the present study, thermal and microstructural properties, crystallization kinetics 
of crystallizing phases and microstructural morphology of glass samples of (1-
x)TeO2-(x)K2O  (x = 0.05, 0.10, 0.15, and 0.20) binary system were investigated 
using differential thermal analysis (DTA), X-Ray diffractometry (XRD), Raman 
spectrometer and scanning electron microscopy (SEM) techniques. In addition, 
optical properties were investigated with UV Spectrometer. 
Using DTA measurements glass stability of each glass composition was determined. 
Moreover, the crystallization mechanism occurring in all glass samples was found by 
kinetic calculations. Those determinations supported by optical microscope and SEM 
images taken from surface and cross-section of the samples. The crystallization 
activation energies were calculated by the kinetic studies. XRD, Raman spectrometry 
and EDS studies were used to characterize the crystals. Finally, the absorption range 
for some representative glasses was determined by UV Spectrometer. 
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1. INTRODUCTION 
In dictionary the term glass is described as: 
Glass is a hard, transparent solid, with irregular atomic structure, that objects such as 
windows and bottles are made of. [1] [2] 
Many glass scientists attempt to give a definition to glass. In chronological order the 
definitions are: 
- Morey (1938) – “A glass is an inorganic substance in a condition which is 
continuous with an analogous to the liquid state of that substance, but which, as the 
result of a reversible change in viscosity during cooling, has attained so high a degree 
of viscosity as to be for all practical purposes, rigid.” 
- A.S.T.M. Standards for Glass (1949) – “Glass is an inorganic product of fusion 
which has cooled to a rigid condition without crystallizing.” [3] 
- Jones (1956) – “A glass is a material, formed cooling from the normal liquid 
state, which has shown no discontinuous change at any temperature, but has become 
more or less rigid through a progressive increase in its viscosity.” [4] 
- Secrist and Mackenzie (1960) – “Glass is a non-crystalline solid.” [3] 
The glass technologists object to the first three definition, prepare a glass by cooling 
a liquid without crystallizing and consider that this process is a fundamental 
characteristic of a glass. The deficiency with this view is that glasses can be formed 
without cooling from the liquid state. Glass coatings are deposited from the vapor or 
liquid solution, and the resulting material of this process is impossible to differentiate 
from the glass of the same composition made by cooling from the liquid. It is better 
to use the same name for materials having the same structure and properties 
regardless of how they are prepared.  
Glass is an amorphous solid. A material is amorphous, when there is no order in its 
molecular arrangement, in other words, when it has no long-range order. A solid is a 
rigid material, which does not flow when it is subjected to modest forces [5].  
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As glasses are already being widely used in many high technology devices, the 
development of glass properties is an important research area [6]. 
The discovery and development of tellurite glasses have attracted considerable 
attention in recent years because of their potential use as host materials in laser 
systems, fiber devices, ionic conductors, erasable optical disk systems [6-8]. The first 
two applications require doping tellurite glass with a rare earth ion, such as 
neodymium, thulium or erbium [9]. These glasses possess superior optical properties 
such as high refractive index, high transmittance in near infrared region and visible 
region and high optical nonlinearity. They also have low melting temperature, low 
glass transition temperature and high dielectric constant [10-12].Tellurite glasses are 
chemically durable, particularly, and they are stable with respect to atmospheric 
moisture [9]. Moreover, the chemical durability, especially water resistance, is higher 
than borate and phosphate glasses [13]. Besides, they have better thermal stability 
and mechanical strength than halide glasses therefore are more promising for 
practical use as long optical fibers [14]. 
Tellurium oxide is a conditional glass former. It means that, a pure TeO2 does not 
form a glass under moderate quenching rates, and addition of a modifier is needed to 
form TeO2- based bulk glasses [9, 15]. 
Alkali tellurite glasses (M2O-TeO2, with M= Li, Na, K) are of current interest in 
technology, as components of optically nonlinear materials, and fundamentally, due 
to the unusual glass forming properties of tellurium oxide. Because this oxide is 
conditional glass former, addition of alkali oxides gives rise of ranges of excellent 
glass formation [16]. Knowing the nucleation and the crystallization phenomena in 
such glasses has both technological and scientific importance. These data are 
important to determine the stability of a glass for practical applications where the 
formation of crystals must be avoided, such as in optical fibers, laser glasses, optical 
switching devices [17]. 
The investigation of crystallization kinetics in glass systems has often been limited 
by the elaborate nature of the experimental procedures which are in use. The 
increasing use of thermoanalytical techniques such as differential thermal analysis 
(DTA) of differential scanning calorimetry (DSC) has offered the promise of 
obtaining useful data with simple methods [18]. 
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In the present study, thermal and microstructural properties, crystallization kinetics 
of crystallizing phases and microstructural morphology of glass samples of (1-
x)TeO2-(x)K2O  (x = 0.05, 0.10, 0.15 and 0.20) binary system were investigated by 
using differential thermal analysis (DTA), X-Ray diffractometry (XRD), Raman 
spectrometer and scanning electron microscopy (SEM) techniques. In addition, 
optical properties were investigated with UV-VIS Spectrometry. 
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2. THEORITICAL INFORMATION  
2.1. Research Survey 
The preparation of tellurite glasses was first described by Barady (1956, 1957), who 
successfully synthesizes glasses in the LiO2-TeO2 systems [6]. But, a search of 
literature revealed that Berzelius (1834) had mentioned the possibility of preparing a 
tellurite glass from molten tetratellurates of the alkali metals. Later, Lenher and 
Wolesensky confirmed the glass making properties of Na2O-TeO2 and K2O-TeO2 
binary systems [19]. Especially Imakoa measured the glass forming ranges of many 
other TeO2 binary systems. Later, Imakoa and Yamazaki investigated glass 
formation properties of ternary tellurite systems. Vogel [20] recorded the optical 
properties of many other tellurite glasses in addition to glass forming ranges.  
After the discovery of the tellurite glasses following development was the 
investigation of the structure of TeO2, the most stable oxide of tellurium element. The 
crystal structure of the tetragonal tellurium dioxide α-TeO2 (paratellurite) was 
reported by Stehlik and Balak [6]. Beyer thoroughly compared the structures of α-
TeO2 and orthorhombic β-TeO2 (tellurite). Further X-ray analyses of α-TeO2 by 
Lanqvist  resulted that α-TeO2 crystallizes as tetragonal bipyramids, the basal planes 
of which had the crystallographic a- and b-axes as edges. α-TeO2 structure consists 
of  TeO4 subunits in which O atoms were shared by two units, as in Figure 2.1. [6]. 
 
Figure 2.1: Schematic picture of the TeO2 unit in the structure of α-TeO2 (Lanqvist 
1968). 
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Crystalline TeO2 has two polymorphic forms: tetragonal α-TeO2 (paratellurite), was 
also described by Leciejewicz in 1961, and orthorhombic β-TeO2 (tellurite), 
described by Beyer in 1967. On the basis of XRD data, Barady (1957) suggested a 
structural scheme for a TeO2-Li2O glass similar to that in β-TeO2 [6].  
The structure and the glass formation of tellurite glasses are interesting. The basic 
structural unit of tellurite glasses is an asymmetrical TeO4 trigonal bipyramid with a 
lone pair of electrons in an equatorial position, and the content of network modifier 
changes the coordination number of tellurium ion with respect to oxygen ions. This 
change leads to a TeO3 trigonal pyramid (tp) which is considered to restrict the glass 
formation [13]. TeO3 trigonal pyramid (tp) units containing terminal Te-O bonds 
such as Te=O, and Te-O- with non-bridging oxygen atoms, the stretching mode of 
TeO4 trigonal bipyramid units with bridging oxygen atoms and the bending mode of 
Te-O-Te or O-Te-O linkages, respectively. The primary role of a network modifier 
such as an alkali oxide is to cause negatively charged non-bridging oxygen centers to 
be formed at the expense of bridging oxygen. Therefore, the three-dimensional 
network of the glass former, TeO2, is depolymerized by a modifier addition [15].  
For the case of alkali tellurite glasses, as modifier, M2O, is added non-bridging 
oxygen atoms are created as the network fractures. Akagi et. al [21] revealed that 
phenomenon by using potassium oxide (K2O) as the network modifier. They suggest 
according to their results the addition of K2O, brings about the conversion of the 
TeO4 trigonal bipyramid units with bridging oxygen atoms into the TeO3 trigonal 
pyramid units with non-bridging oxygen atoms in the K2O-TeO2 samples. This 
structural change is illustrated in Figure 2.2. [9, 21]. 
 
Figure 2.2: Possible model for the structural change of the K2O-TeO2 glasses on 
heating [21] 
Blanchandin et al.[11], in 1999, carried out a new investigation within the TeO2-WO3 
glass system, by XRD and DSC. The investigated samples were prepared by air 
quenching of totally or partially melted mixes of TeO2 and WO3. This investigation 
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identified two new metastable compounds that appeared during glass crystallization. 
In the same study they investigated the well-crystallized γ-TeO2 obtained by slowly 
heating pure TeO2 glass to 390°C and then annealing it for 24 h at this temperature. 
Its XRD pattern could be indexed in an orthorhombic cell, whereas the δ-TeO2 was 
detected in samples containing a small amount of WO3. It was prepared as the unique 
crystallized phase, mixed with a small quantity of glass, by annealing for 24 h at 
350°C in a glassy sample containing 5–10 mol% of WO3 [11]. 
In 2000, Mirgorodsky et al. [22] compared lattice dynamic-model studies of the 
vibrational and elastic properties of both paratellurite (α-TeO2) and tellurite (β-
TeO2). Highlighting was on the crystal chemistry aspects of the Raman spectra for 
these lattices. Results were used to interpret the Raman spectra of two new 
polymorphs, γ and δ, of tellurium dioxide and to clarify their relationships with the 
spectrum of pure TeO2 glass [22]. 
Tagg et al. [9] probed the sodium sites in tellurite glasses, using a dynamic-angle-
spinning NMR experiment in (1−x)mol%TeO2 -x mol% Na2O glasses. These workers 
performed their experiments at two different magnetic-field strengths to extract the 
chemical-shift and quadrupolecoupling parameters. The results suggested that 
sodium coordination changes from about six at low M concentrations to about five at 
high concentrations [9]. 
Thermal properties and transition temperatures had been investigating together with 
the microstructural studies. In the 1960s and 1970s, Yakakind et al. (1968, 1970, 
1980) studied the spectral-equilibrium diagrams and the glass formation, 
crystallization tendency, density, and thermal-expansion properties of tellurite 
glasses and tellurite-halide Heckroodt and Res measured the glass transition 
temperature (Tg)of 60 mol% TeO2-20 mol% PbO–20 mol% WO3 and 60 mol% 
TeO2-20 mol% WO3-20 mol% Er2O3. Mochida et al. (1978) studied the thermal 
properties of binary TeO2-MO1/2 glasses, where M = Li, Na, K, Rb, Cs, Ag, or Tl [6].   
Mochida et al. [23] measured the thermal expansion and transformation temperature 
of binary TeO2–PO5/2 glasses. In 1988, Zhang et al. used DSC to analyze the glasses 
Te3-Br2 and Te3-Br2-S, and they found no crystallization peak in the later tellurite 
glass. From the early 1990s, many researchers have been attracted to tellurite glasses 
for their semiconducting properties. In 1992, it was studied the phase transformation 
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of binary alkali-tellurite glasses. Nishida et al. found the composition dependence of 
Tg for x mol% K2O-(95 −x) mol% TeO2-5 mol% Fe2O3, x mol% MgO-(95 −x) mol% 
TeO2-5 mol% Fe2O3, and x mol% BaO-(95 −x) mol% TeO2-5 mol% Fe2O3 in 
comparison with x mol% Na2O-(95 −x) mol% TeO2-5 mol% Fe2O3. Also in 1992, 
El-Mallawany measured the thermal properties of rare-earth (RE)-tellurite glasses 
and studied their structural and vibrational [6]. 
Sekiya et al. [24] measured both the Tg of TeO2-MO1/2 (M = Li, Na, K, Rb, Cs, or Tl) 
glasses. Rossignol et al. measured the Tg, crystallization temperature (Tc), melting 
temperature (Tm), and Tc – Tg of the tellurite glass system (1 −x) mol% (TeO2-
RTlO0.5)-x mol% AgI, where R = (TeO2/TlO0.5) and x is the percentage of AgI. 
Sekiya et al. measured both the Tg of TeO2-WO3 glasses and also studied the thermal 
properties of TeO2-MoO3. El-Mallawany [6], in 1995, studied both the devitrification 
and vitrification of binary transition-metal-tellurite glasses of the form (1 −x) mol% 
TeO2-x mol% AnOm, where AnOm = MnO2, Co3O4, or MoO3 [6]. Also in 1995, 
Elkholy studied the non-isothermal kinetics for binary TeO2-P2O5 shows the values 
of Tg, Tc, and Tm for binary tellurite glasses containing transition metal oxides. These 
peaks were found in all curves of the DTA. It was apparent that the endothermic 
peak at higher temperature and the exothermic peak at intermediate temperature 
corresponded to melting and crystallization, respectively [6].  
In 1995 El-Mallawany [6] calculated the Activation energy for crystallization, Q of 
pure tellurite glasses at various heating rates by using DTA. That Q had been 
calculated as115 x1022 eV/mol. The Q calculated by the method of Kissinger (1956) 
or Ozawa (1971) decreased for higher percentages of the TeO2 [6]. 
The activation energies for crystallization peaks of some TeO2–PbF2 binary glass 
were determined by Kabalcı et. al. [25] from the DTA curves measured with 
different heating rates between 5 and 20◦C/min. Corresponding activation energies 
were found to be between 387-814 kJ/mol.  
In the same year by Öveçoğlu et. al. [26], activation energies for crystallization were 
determined as 265.5 kJ/mol and 258.6 kJ/mol for the 0.85TeO2–0.15WO3 glass 
heated to two different temperatures obtained from exotherms of its DTA curve, 
respectively.  
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Starting in 1962, Bobovich and Yakhkind reported the Raman spectra of a series of 
tellurite glasses belonging to the systems TeO2-Na2O, TeO2-BaO, TeO2-WO3, TeO2-
BeO3, and crystalline TeO2 and NaTeO3. They observed that the spectrum of 
crystalline TeO2 consists of several narrow lines. The breakdown of part of the edge 
bonds between TeO6 tetrahedra, which probably accompanies the formation of a 
tellurite glass, leads to a very marked broadening of these bands which is also 
observed in all of the other glasses [6]. 
Mochida et al. [23] measured the Raman spectra of binary TeO2-P2O5 glasses. The 
Raman peak assigned to P=O stretching vibrations, which usually appears in the 
wave number region 1,330–1,390 cm−1, was absent over the composition range of 
these glasses. Raman spectra of paratellurite, tellurite, and pure TeO2 glass were 
measured by Sekiya et al. [24] in 1989. The normal vibrations of paratellurite were 
described as combined movements of oxygen atoms in Te-eqOax-Te linked with 
vibrations of TeO4 trigonal bipyramids (tbp). When the resolved Raman peaks of 
pure TeO2 glass are compared with normal vibrations of paratellurite, all Raman 
peaks from 420 to 880 cm−1 are assigned to vibrations of the TeO4 tbps and Te-eqOax-
Te linkage. The anti-symmetric stretching vibrations of the Te-eqOax-Te linkage have 
relatively large intensities compared with symmetric stretching vibrations of the 
same linkage. In pure TeO2 glass, TeO4 trigonal bipyramids (tbp)  are formed by 
most tellurium atom stretching vibrations of Te-eqOax-Te linkages. In pure TeO2 
glass, TeO4 trigonal bipyramids (tbp) are formed by most tellurium atoms and 
connected at vertices by the Te-eqOax linkages. Komatsu et al. (1991) examined the 
Raman scattering spectra of (100 − x) mol% TeO2-x mol% LiNbO3 glasses. Their 
structure was composed of TeO4 trigonal pyramids (tps), TeO3 tps, and NbO6 
octahedra. Also in 1992, Sekiya et al. [24] measured the Raman spectra of binary 
tellurite glasses of the form TeO2-MO1/2 (where M is Li, Na, K, Rb, Cs, and Tl). 
Depending on their alkali content, these glasses have the following characteristics: 
• Glasses with low alkaline contents show a continuous network constructed by 
sharing corners of TeO4 tbps and TeO3+1 polyhedra having single non-bridging 
oxygen.  
• Glasses with 20–30 mol% alkali oxide, involve TeO3 tripyramids with non-bridging 
oxygens formed in contiguous network [24]. 
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Akagi et al. (1999) [21] studied the structural change of TeO2-K2O glasses from 
room temperature to temperatures higher than the melting point by using Raman 
spectroscopy (Figure 2.3), XRD, X-ray radial distribution function (RDF), and 
XAFS. The Raman results indicated that TeO4 tbp units convert to TeO3 tp units with 
increasing temperature and by the addition of more K2O to the TeO2-K2O glasses. 
The high-temperature XRD and X-ray (RDF) results were in agreement with the 
results of high-temperature Raman spectroscopy. 
In 2000, Mirgorodsky et al. [22] studied the structure of TeO2 glass by using Raman 
scattering as shown in (Figure 2.4). Results were used to interpret the Raman spectra 
of two new polymorphs (γ and δ) of tellurium dioxide and to clarify their 
relationships with the spectrum of pure TeO2 glass. 
 
Figure 2.3: Raman spectra of the (1-x)TeO2 – (x)K2O,  (x=5, 10, 15, 20, 25 and 30 
mol%) glasses [21] 
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Figure 2.4: Raman spectra of the different TeO2 modifications: (a) α-TeO2; (b) β-
TeO2; (c) γ-TeO2; (d) δ-TeO2; and (e) pure TeO2 glass 
For this thesis, thermal and microstructural properties, crystallization kinetics of 
crystallizing phases and microstructural morphology of glass samples of TeO2-K2O 
which have 0.05, 0.10, 0.15 and 0.20 molar ratio of K2O, were investigated by using 
differential thermal analysis (DTA), X-Ray diffractometry (XRD), Raman 
spectrometer and scanning electron microscopy (SEM) techniques. In addition, 
optical properties were investigated with UV-VIS Spectrometry. Absorption spectra 
of glass samples and Raman spectra of crystallized samples had been studied for the 
first time, but the real innovation of this thesis is to investigate the morphologies of 
the crystals appeared in the exothermic conditions.  
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3. EXPERIMENTAL PROCEDURE 
3.1. Glass Preparation  
Glass samples were prepared with the compositions of (1-x) TeO2 - (x) K2O where 
x= 0.05, 0.10, 0.15 and 0.20 in molar ratio. All chemicals used were reagent grade of 
TeO2 (99.995 % purity, Aldrich Chemical Company) and K2CO3 (99.95% purity, 
Chempur Co.). Batches of 7 g in size were thoroughly mixed and melted using a 
platinum crucible with a closed lid in an electrically heated furnace at 900-9500C for 
30 minutes, until CO2 evolution ceased. The cast was crushed, pulverized and 
reheated at the same temperature for additional 30 minutes, to achieve homogeneity. 
Following that, the melts were removed from the furnace at 9500C and quenched by 
immersing the crucible in a shallow water bath. 
The range of glass formation in the binary tellurite glasses have been documented in 
the “Tellurite Glasses Handbook” [6] for K2O content between 0.025 - 0.345 mol 
although some variation is possible depending upon the exact method of sample 
preparation. Addition of K2O to TeO2 results in glasses that require only modest 
cooling over a specific range of added modifier, and are resistant to crystallization 
[5]. After a series of preliminary X-ray diffractometry tests, four compositions of (1-
x)TeO2- xK2O glass system with x= 0.05, 0.10, 0.15 and 0.20 mol were chosen 
which yielded successful glass formation, depending on the classical quenching 
method. Figure 3.1 represents the binary phase diagram of TeO2-K2O system. 
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Figure 3.1: Binary phase diagram of TeO2-K2O system [9]. 
3.2. Thermal Analysis  
Differential thermal analysis (DTA) scans of as-cast glass specimens were carried 
out in Thermoflex Rigaku Thermal Analyzer equipped with PTC-10A Temperature 
Controller Unit (Figure 3.2.) to determine the characteristics glass transition 
temperatures (Tg), and crystallization peaks (Tp). The melting temperatures (Tm) 
were obtained from the peak temperature of the endothermic peak. About 50 mg of 
the glass compositions were heated at heating rates of 5, 10, 15 and 20°C/min from 
room temperature to 700°C in a crucible and using the same amount of alumina 
powder as the reference material in another crucible. The crucibles used were 
matched pairs made of platinum and the temperature precision was ± 1 oC.  .  
  
Figure 3.2: DTA (Thermoflex Rigaku Thermal Analyzer) 
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3.2.1. Calculation of Activation Energy 
In 1956 Kissinger cited a relationship between the peak temperature (Tp) and the 
heating rate (Φ) for a series of DTA curves from which activation energy for 
crystallization (Q) may be derived using the Equation (2.3). 
pp
n
RT
mQ
T
−=



2ln
φ    + constant      (2.3)                                   
where R is the gas constant. This application of the DTA is known as the 
crystallization phenomenon [27]. 
The Q values of glasses can be calculated by a method proposed by Ozawa (1965) to 
deduce the order of the crystallization reaction (n) from the variation of the volume 
fraction (x) of crystals precipitated in a glass at a given Φ [28]. The relation between 
ln[-ln (1- x)] and ln Φ at constant temperature is found by Equation (2.4). 
( )( )( ) n
d
xd
T
−=−− φln
1lnln       (2.4) 
The value of n, which is an integer constant depending on the morphology of the 
growth when the nuclei start to form, can be evaluated by plotting {ln[ln(1 - x )]} 
versus ln Φ at different Φ. Here, x is obtained from the crystallization exothermic 
peaks at the same temperature but at different Φ. The Johnson-Mehl-Avrami formula 
(Equation 2.6) calculating kinetic transformation involving nucleation and growth 
under isothermal conditions is generally used to analyze crystallization processes. In 
non-isothermal crystallization, the x of crystals precipitated in a glass heated at a 
uniform Φ is shown to be related to Q through the expression 
ln[-ln(1- x)] = -n ln(x) – (mQ/RT) + constant   (2.6)                                   
where m and n are constant integers depending on the morphology of growth. 
Evaluation of the Q from the variation of Tp with Φ, the Kissinger (1956) equation 
(Equation.2.7), was used [6]. 
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3.3. Crystallization Investigations 
The crystallization temperatures (Tc) were determined from the DTA curves. 
Crystallized samples were prepared by heating up the glass samples up to 15-20 °C 
above the crystallization temperatures and holding them there for about 30 minutes. 
Identification of the crystallized phases were determined by X-ray diffraction (XRD) 
techniques by using a PhilipsTM model PW3710 diffractometer (Figure 3.3) using 
CuKα radiation at 40kV and 40mA setting in the 2θ range from 10 to 900. The 
crystallized phases were identified by comparing the peak positions and intensities 
with those in the JCPDS (Joint Committee on Powder Diffraction Standards) data 
files. 
 
Figure 3.3: X-ray diffractometer (XRD) (Philips TM Model PW3710) 
The Raman spectra of the as-cast and crystallized samples were recorded on a 
Fourier-transform Raman spectrophotometer (Digilab FTS 7000 Series) within the 
range of 0-1200 cm-1. The digital intensity data was recorded at intervals of 1 cm-1. A 
Nd:YAG laser system operating at 1064 nm was used as the excitation source and 
the specimen was excited with a power level of about 500 mW.  The scattered 
radiation was detected by cooling Ge detector with a spectral resolution of 8 cm-1. 
In order to determine the crystals optically, optical mount specimens were prepared 
using standard metallographic techniques. Both surface and cross-section images 
were obtained by using a Nikon TM Eclipse L150 model optical microscope equipped 
with Nikon TM Coolpix 4.0 model camera, seen in Figure 3.4. Cross-sectional sides of 
 15
the samples were prepared by cutting and polishing the rough surfaces, whereas the 
surfaces were investigated without any treatment. 
 
Figure 3.4: Optical microscope Nikon TM Eclipse L150 
In addition, for the scanning electron microscope (SEM) investigations, optical 
mount specimens were prepared by using standard metallographic techniques 
followed by etching in a 5% HF solution for 20-30 seconds and coated with carbon. 
Scanning electron microscopy (SEM) investigations were carried out both in a  
JEOLTM Model JSM 5410 operated at 15 kV and linked with Noran 2100 Freedom 
energy dispersive spectrometer (EDS) detector (Figure 3.5) and in a JEOLTM Model 
JSM-T330 operated at 25 kV and with a Zmax 30 EDS detector. 
 
Figure 3.5: Scanning Electron Microscope (SEM) (JEOLTM JSM 5410) with Energy 
Dispersive Spectrometer (EDS) (NoranTM 2100) detector 
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3.4. Optical Measurements 
All the transparent glass samples were polished to optical quality before subjecting 
them to the optical measurements. The optical absorption spectra of the glasses 
having the thickness of 1.5± 0.5 mm were recorded with a Jasco V530 model UV–VIS 
spectrophotometer in the wavelength range 300–1100 nm. The measurements were 
carried out at room temperature. 
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4. RESULTS AND DISCUSSION 
4.1. Thermal Behavior 
Figures 4.1, 4.2, 4.3 and 4.4 show the DTA curves all of the four compositions of (1-
x)TeO2- xK2O glass system (x= 0.05, 0.10, 0.15 and 0.20 mol) with four different 
heating rates. The curves reflect the typical nature of a normal glass with a small 
broad endothermic peak, representing the glass transition temperature (Tg), 
crystallization peaks and eventually the endothermic melting peak, respectively. The 
first two composition (x = 5, 10 mol. %) showed one crystallization peak, while the 
compositions x = 15, 20 mol. % showed two peaks.  
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Figure 4.1: DTA curves of 0.95TeO2-0.05 K2O with different heating rates. 
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Figure 4.2: DTA curves of 0.90TeO2-0.10 K2O with different heating rates. 
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Figure 4.3: DTA curves of 0.85TeO2-0.15 K2O with different heating rates. 
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Figure 4.4: DTA curves of 0.80TeO2-0.20 K2O with different heating rates. 
As seen in these curves, the faster the heating rates, the higher peak temperatures and 
larger the peak heights become. The Tg and Tp temperatures shift to higher values 
with increasing rate. 
The glass transition temperature of these glasses changed with the increase of K2O 
content as shown in Table 4.1. It decreased from 310 to 251°C as the modifier 
addition increased. The glass transition temperature of pure tellurite glass is 3250C 
[29]. The tendency in which the glass transition temperature changes for 10 °C/min 
could also be seen by other heating rates. 
Table. 4.1: Compositional dependence of the glass transition temperature (Tg) for the 
heating rate of 10 °C/min. 
K2O (Mol %) Glass Transition T (ºC) 
0 325 
5 310 
10 297 
15 275 
20 251 
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Figure 4.5: Compositional dependence of the glass transition temperature (Tg) for 
the heating rate of 10 °C/min.  
Table 4.1 shows the peak crystallization temperatures obtained from DTA curves of 
the 0.95TeO2-0.05K2O, 0.90TeO2-0.10K2O, 0.85TeO2-0.15K2O and 0.80TeO2- 
0.20K2O glasses scanned at a rate of 100C/min. Crystallization processes with single 
exothermic peaks at 3940C for the 0.95TeO2-0.05K2O and at 4210C for the 
0.90TeO2-0.10K2O glass. Two exothermic peaks occurring at 3640C and 4180C were 
observed for the 0.85TeO2-0.15K2O glass. Two exothermic peaks occurring at 3270C 
and 3710C were observed for the 0.80TeO2- 0.20K2O glass.   
Table 4.2: Compositional dependence of the peak crystallization temperature (Tp) 
for the heating rate of 10 °C/min 
 
K2O (Mol %) 1. Crystallization T (ºC) 2. Crystallization T (ºC) 
5 394 - 
10 421 - 
15 364 418 
20 327 371 
 
The glass stability can be evaluated using the Hruby parameter, Kg, which had been 
also used by Branda as a measure of glass tendency [30- 31]. Glass forming 
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tendency, Kg, given by Equation 2.1, can be determine in order to compare 
devitrification tendency of the glasses.             
Low values of Kg suggests high tendency of crystallization. [29]. It was proved that 
for thermally stable glass forming systems the value of Kg is more than 0.1 [32]. 
Glass forming tendency values are calculated by using the temperatures, Tg, Tc, Tm  
obtained from DTA curves of the 0.95TeO2- 0.05K2O, 0.90TeO2- 0.10K2O, 
0.85TeO2- 0.15K2O and 0.80TeO2- 0.20K2O glasses scanned at a rate of 100C/min. 
As seen in Figure 4.6, 0.90TeO2- 0.10K2O is the most susceptible to form glass 
among three compositions, with a Kg value of 2.06.  
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Figure 4.6: Compositional dependence of the glass forming tendency values (Kg). 
The solid lines are guides for the eye. 
4.2. Crystallization Investigations 
On the basis of DTA results, XRD scans were carried out to identify the crystallizing 
phases in the glassy matrix above the peak temperatures for all compositions. Figures 
4.7, 4.8, 4.9 and 4.10 are the XRD patterns taken from the heat-treated and the as-
cast samples of the 0.95TeO2-0.05K2O, 0.90TeO2-0.10K2O, 0.85TeO2-0.15K2O and 
0.80TeO2-0.20K2O glasses, respectively. The heat-treated glass samples were 
prepared by heating the as-cast glasses 15-200C above the crystallization peak 
temperature for 30 min, followed by quenching in air.  
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The structures expected from the system were α-, γ- and δ-tellurite as dominant 
phases. In our case, α- and γ-tellurite were eminent which can be seen from the XRD 
patterns. One more dominant phase also found in the glass samples.  Hart [15] 
reported that the formation of the K2Te4O9 (potassium tetratellurate) phase, because 
of a phase separation in TeO2- K2O glasses. This phase has the same symmetry as the 
crystal, P21/c, which is a centrosymmetric monoclinic space group but the lattice is 
tetragonal, with lattice parameters of 0.757, 0.773 and 1.782 nm. This is the reason 
why the K2Te4O9 phase is detected in the XRD scans of heat –treated and as-cast 
samples of TeO2- K2O glasses in the present investigation. In other words, the 
diffraction angle values (2θ) of 12.5, 15 and 20° detected in all figures of Figures 4.7 
are the characteristic angles for the K2Te4O9 phase [33]. 
The XRD pattern of the 0.95TeO2- 0.05K2O glass crystallized at 4250C, can be seen 
in Figure 4.7, reveals the presence of the γ-TeO2 and α-TeO2 phases in addition to 
the K2Te4O9 phase. Whereas the stable α-TeO2 phase (paratellurite) has a tetragonal 
crystal structure with lattice parameters a= 0.481 nm and c= 0.761 nm [34], 
metastable phase has an orthorhombic crystal structure with lattice parameters a= 
0.560 nm, b= 1.203 nm and c= 0.546 nm [35].  
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Figure 4.7: XRD scans taken from the 0.95TeO2-0.05 K2O glass in the as-cast 
condition and after heat-treating at 4250C. 
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On the basis of XRD pattern of 0.90TeO2- 0.10K2O sample heat-treated at 4400C in 
Figure 4.8, comprise the α-TeO2, γ-TeO2 and K2Te4O9 phases similar to the 
0.95TeO2- 0.05K2O sample.  
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Figure 4.8: XRD scans taken from the 0.90TeO2-0.10K2O glass in the as-cast 
condition and after heat-treating at 4400C. 
Figure 4.9. shows the XRD pattern of the 0.85TeO2- 0.15K2O glass in the as-cast 
condition and crystallized at 3850C and 4300C. All three crystallizing phases (α-
TeO2, γ-TeO2 and K2Te4O9) co-exist in this glass composition heated above the first 
exotherm in Fig.4.3, at 3850C. On the other hand, the amount of γ-TeO2 decreased to 
4300C inferring that the second exotherm is a result of γ-TeO2 ? α-TeO2 
transformation.  
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Figure 4.9:  XRD scans taken from the 0.85TeO2-0.15K2O glass in the as-cast 
condition and after heat-treating at 3850C and 4300C. 
Figure 4.10. shows the two XRD patterns of 0.80TeO2-0.20K2O sample which 
correspond to its two crystallizations. Interestingly, the system shows almost no 
structural change between the two patterns of 0.80TeO2-0.20K2O sample heat treated 
at different temperatures. In Figure 4.10, the pattern at the lower temperature reveals 
three dominant peaks which are the characteristic peaks of the two polymorphs of 
tellurite α-tellurite and γ- tellurite phases together with K2Te4O9 phase. By the higher 
temperature, almost the same picture is observed whereas there is a slight change 
between the two patterns. 
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Figure 4.10: XRD scans taken from the 0.80TeO2-0.20K2O glass in the as-cast 
condition and after heat-treating at 3400C and 3850C 
Figure 4.11 illustrates the Raman spectra of (1-x)TeO2-xK2O glasses in the as-cast 
condition, obtained at room temperature. In general, these spectra are composed of 
three main spectral regions: Low-frequency region (50-200 cm-1), intermediate 
region (200-550 cm-1) and high-frequency region (550-900 cm-1) [36-37]. In the low-
frequency region, there is an asymmetric Raman band ranging from 110 to 195 cm-1, 
which shows a strong peak at about 167.5 cm-1. This peak is attributed to the 
vibration of the Boson peak [38-39], which is universal in the Raman spectra of non-
crystalline solids, such as glasses. [38]. Two Raman bands at around 265 and 460 
cm-1 are seen in the intermediate region. The peak at about 460 cm-1 is attributed to 
the bending and stretching vibrations of the Te-O-Te or O-Te-O linkages. In the 
high-frequency region, the Raman spectra had two Raman bands at around 670 and 
770cm-1. These bands are ascribed to the stretching mode of the TeO3 trigonal 
pyramid (tp) units containing terminal Te-O bonds such as Te=O and Te-O- with 
non-bridging oxygen atoms (NBO), the stretching mode of TeO4 trigonal bipyramid 
(tbp) units with bridging oxygen atoms (BO) and the bending mode of Te-O-Te or 
O-Te-O linkages, respectively [40]. The amplitude of the 770 cm-1 band becomes 
larger, and the amplitudes of the 670 cm-1 band become smaller as the K2O content 
increases. This result shows that the addition of K2O, brings about the conversion of 
the TeO4 tbp units with BO into the TeO3 tp units with NBO in the TeO2-K2O 
samples [21].  
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Figure 4.11: Raman spectra taken from the (1 – x) TeO2 – xK2O glasses (x = 0.05, 
0.10, 0.15, 0.20) in the as-cast condition 
The Raman shift peaks of the Raman scans for all the glass samples heated above 
their respective peak crystallization temperatures, at a rate of 10 oC/min followed by 
quenching in air, were identified according to the Raman spectroscopy information 
of the TeO2 based glasses reported by Mirgorodsky et al. [22] and  Champarnaud et 
al. [41].  Figures 4.12 and 4.13 are the respective Raman spectra of 0.95TeO2-
0.05K2O and 0.90TeO2-0.10K2O glasses heated above peak crystallization 
temperatures of 425 oC and 440 oC, respectively.   
Both spectra are almost identical with each other and comprise α-TeO2 spectra with 
the spectral peaks at about 400, 600 and 650 cm-1 and γ-TeO2 spectral peaks at about 
720 and 760 cm-1.  According to Akagi et al. [21], the peak having Raman value of 
720 cm-1 shows that large proportion of the crystals consist of TeO3 tp units which 
remained from uncrystallized conditions of glass. Assuming that the spectral peaks 
between 0 – 200 cm-1 are the Boson peaks and the one at 226 cm-1 belonging to the γ- 
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Figure 4.12: Raman spectra of the 0.95TeO2-0.05K2O glass heated to 425 oC 
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Figure 4.13: Raman spectra of the 0.90TeO2 – 0.10K2O glass heated to 440 oC 
TeO2 or β-TeO2 phase [22] and there are two unidentified peaks: one at 285 cm-1 and 
the other at 331 cm-1.  Based on XRD results of these glasses in the heat-treated 
condition, it is believed that the spectral peak at 226 cm-1 in Figures 4.12 and 4.13 is 
that of the γ-TeO2 phase and the two unidentified spectral peaks might belong to the 
K2Te4O9 phase.  
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In the case of 0.85TeO2-0.15K2O samples heated above the crystallization 
temperatures, Raman spectra of the 85TeO2-0.15K2O glass heated to T = 385 oC (the 
first crystallization temperature), below spectra of Figure 4.14, indicates the fact that 
most of the identifiable spectral peaks belong to the γ-TeO2 phase except two minute 
ones at 407 cm-1 and at 600 cm-1 which are believed to be pertaining to the α-TeO2 
phase.  On the other hand, Raman spectra of the same glass heated to T = 430 oC (the 
second crystallization temperature), above spectra of Figure 4.14, is a result of two 
tellurite polymorphs (transformed α-TeO2 and remained γ-TeO2).  Similar to Figures 
4.12 and 4.13, the range between 0 – 200 cm-1 in Figure 4.14 is disregarded as the 
Boson range and the spectral peak at 226 cm-1 can be assigned to the γ-TeO2 phase 
[22].  Again, the two unidentified peaks at 285 cm-1 and at 331 cm-1 are believed to 
belong to the K2Te4O9 phase.  In addition, there is an unidentified peak at 578 cm-1, 
not observed in Figures 4.12 and 4.13, which is believed to belong to the K2Te4O9 
phase.    
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Figure 4.14: Raman spectra of the 0.85TeO2 – 0.15K2O glass heated to 385 oC and 
430 oC  
Figure 4.15 presents the Raman spectra of the 0.80TeO2-0.20K2O glass heated to T = 
340 oC (first crystallization peak temperature) and to T = 385 oC (second 
crystallization peak temperature), respectively.  Similar to that of the 0.85TeO2-
0.15K2O glass, the above spectra of Figure 4.15 also revealed the existence of the γ-
TeO2 and α-TeO2 phases for both crystallization temperatures and the unidentified 
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peaks at 285 cm-1, at 331 cm-1 and 578 cm-1 may be due to K2Te4O9 phase.  There are 
noteworthy differences between the spectra of both glasses after the first and second 
crystallization temperatures.  For both glasses, the shallow nature of spectral peaks 
after the first crystallization temperature as opposed to sharper counterparts after 
second crystallization temperature is an indication of the presence of larger quantities 
of uncrystallized parent glass phase after the first crystallization temperatures.  For 
example, the peak at 475 cm-1 in Figure 4.15 after the first crystallization temperature 
matches the one indexed as TeO4 in Figure 4.11 for as-cast (1-x)TeO2 – xK2O 
glasses.   
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Figure 4.15: Raman spectra of the 0.80TeO2 – 0.20K2O glass heated to 340 oC and 
385 oC 
4.3. Optical Microscope and SEM Studies 
Having heated up the glass samples to 15-20°C higher than their crystallization 
temperatures and held there for 30 minutes, both surface and cross-section images 
were taken. Cross-sectional sides of the samples were prepared by cutting and 
polishing the rough surfaces, whereas the surfaces were investigated without any 
treatment. However some optical images cannot be obtained because of focusing 
difficulties.  
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Figure 4.16: Optical Microscope image taken from the (a) surface, (b) cross-section 
crystalline region of the 0.95TeO2-0.05K2O sample heated to 4250C followed by 
quenching in air.  
Optical image taken from the surface region of the heat-treated 0.95TeO2-0.05K2O 
sample, Figure 4.16.a, shows the existence of star-shaped surface crystals. On the 
other hand, cross-section micrograph of the same sample, Figure.4.16.b, did not 
show any clue about crystallization occurred in the inner sections. 
The surface region optical image taken from the heat-treated 0.90TeO2-0.10K2O 
sample is seen in Figure 4.17. In the surface image some kind of formations can be 
seen. The cross-sectional optical images could not be taken because of focusing 
difficulties.  
 
(a) 
(b) 
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Figure 4.17: Optical Microscope image taken from the surface crystalline region of 
the 0.90TeO2-0.10K2O sample heated to 4400C followed by quenching in air.  
 
 
Figure 4.18: Optical Microscope image taken from the (a) surface, (b) cross-section 
crystalline region of the 0.85TeO2-0.15K2O sample heated to 3850C followed by 
quenching in air. 
(a) 
(b) 
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Figure. 4.18.a and Figure. 4.18.b. show the surface and cross-section images of glass 
sample having 0.85TeO2-0.15K2O composition heated to 3850C. In both surface and 
cross-section figures, dendrites can easily be seen.  
Surface and cross-section figures of Figure.4.19 indicate the existence of rectangular- 
shaped crystals whole bulk of the sample having the same composition heated at 
430°C. 
 
 
Figure.4.19: Optical Microscope image taken from the (a) surface, (b) cross-section 
crystalline region of the 0.85TeO2-0.15K2O sample heated to 430°C followed by 
quenching in air. 
(a) 
(b) 
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Figure 4.20: Optical Microscope image taken from the (a) surface, (b) cross-section 
crystalline region of the 0.80TeO2-0.20K2O sample heated to 340°C followed by 
quenching in air.  
 
Figure 4.21: Optical Microscope image taken from the surface region of the 
0.80TeO2-0.20K2O sample heated to 3850C followed by quenching in air. 
The surface region and cross-section optical images taken from the 0.80TeO2-
0.20K2O sample heat-treated at 340°C are seen in Figure 4.20. While in the surface 
(a) 
(b) 
 34
image, some centrosymmetric chrysanthemum-like formations can be seen, the 
cross-section figure indicates no evidence of this kind of crystallization.  
The surface region optical image taken from the 0.80TeO2-0.20K2O sample heat-
treated at 3850C is seen in Figure 4.21. In the image some rectangular shaped crystal 
formations can be seen. The cross-sectional optical images could not be taken 
because of focusing difficulties. 
In addition to the optical microscopy, SEM investigations were also performed for 
the heat treated samples to identify the morphology of the resultant microstructures 
after crystallization. All SEM micrographs are taken in the secondary electron 
imaging (SEI) mode. 
Figures 4.22 are representative SEM micrographs of the 0.95TeO2- 0.05K2O glass 
samples heated to 4250C followed by air-quenching. EDS analyses taken from the 
elongated centrosymmetric stripe-shaped crystals varying between 20 µm and 30 µm 
in width and about 120 µm and 220 µm in length.  EDS spectra taken from these 
elongated crystalline regions revealed that they contained a chemical stoichiometry, 
which confirms that these crystalline regions are TeO2-rich regions (i. e. containing 
α-TeO2  and/or γ-TeO2 phases).  
Figure 4.22.b is a cross-sectional SEM micrograph taken at a tilt angle of about 65o 
from the 0.95TeO2-0.05K2O glass sample heated to 425 oC followed by air-
quenching. It is evident from Figure 4.22.b that TeO2-rich surface crystal stripes 
emanate from the edge of the sample and that there are no crystalline regions in the 
cross-section as revealed by the overall EDS analyses.  Thus, it can be inferred that 
surface crystallization is the predominant mechanism for the 0.95TeO2-0.05K2O 
glass sample. 
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Figure 4.22: Typical SEM micrographs taken from the (a) surface and (b) cross-
section  regions (from the edge) of the 0.95TeO2 -0.05 K2O sample, heat-treated at 
425°C and followed by quenching in air. 
Table 4.3: EDS study for the surface crystalline region of the 0.95TeO2-0.05K2O 
sample, heat-treated at 425°C. 
Element Weight % 
O 13 ± 0.4 
Te 85.2 ± 0.5 
K 0.08 ± 0.4 
Figures 4.23 are the representative SEM micrograms from, respectively, surface and 
cross-section of the 0.90TeO2- 0.10K2O sample heat-treated at 4400C. Both surface 
and cross-section images show wedge-shaped regions in various orientations. EDS 
analyses taken from different locations on these regions indicates that these consist 
of the TeO2 and K2Te4O9 phases in various amounts.  Surrounding these regions is 
the amorphous glass matrix as indicated by the EDS spectra taken from three 
different locations Table 4.4 shows the EDS study of 0.90TeO2- 0.10K2O sample 
(a) 
(b) 
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heat-treated at 4400C, indicates that the crystals consist of the TeO2 and K2Te4O9 
phases.  
 
 
Figure 4.23: SEM micrographs taken from the (a) surface and (b) cross-section 
regions of 0.90TeO2 -0.10 K2O sample heat-treated at 440°C, followed by quenching 
in air. 
Table 4.4: EDS study for the 0.90TeO2 -0.10 K2O sample, heat-treated at 440°C. 
Element Weight % 
O 18.2 ± 0.3 
Te 74.2 ± 0.3 
K 6.5 ± 0.4 
Figures 4.24. are SEM micrographs of 0.85TeO2-0.15K2O glass, heat-treated at 
3850C, which is the first exotherm of the DTA curve of this composition. EDS 
spectra taken from the dendritic crystalline regions, shows that the amorphous matrix 
in the bulk of the sample. 
(a) 
(b) 
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Figure 4.24: SEM micrographs taken from the (a) surface, (b) cross-section regions 
of 0.85TeO2 -0.15 K2O sample heat-treated at 385°C and followed by quenching in 
air. 
Table 4.5: EDS study for the 0.85TeO2 -0.15 K2O sample, heat-treated at 3850C. 
Element Weight % 
O 9.8 ± 0.5   
Te 85.2 ± 0.3   
K 5.5 ± 0.3 
 
Figures 4.25. are SEM micrographs from different locations from both surface and 
cross-section of the 0.85TeO2- 0.15K2O sample crystallized at 4300C, showing 
rectangular-shaped crystals stacked in 2D-orientation having crystal sizes ranging 
between 5-10 µm in width, 5-15 µm in length. EDS spectra taken from the crystalline 
regions shows that the regions had the chemical stoichiometry of K2Te4O9- rich 
crystals surrounded by a glassy matrix. 
(a) 
(b) 
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Figure 4.25: SEM micrographs taken from the (a) surface, (b) cross-section regions 
of 0.85TeO2 -0.15 K2O sample heat-treated at 430°C and followed by quenching in 
air. 
Table 4.6: EDS study for the 0.85TeO2 -0.15 K2O sample, heat-treated at 4300C. 
 
Element Weight % 
O 21.3 ± 0.4 
Te 67.7 ± 0.5   
K 11.2 ± 0.5 
 
Figure 4.26.a shows SEM micrograph taken from the outer surface and Figure 4.26.b 
shows the SEM micrograph taken from the cross-section of the 0.80TeO2–0.20K2O 
sample heated to 3400C followed by quenching in air. Figure 4.26.a is a 
representative SEM micrograph which reveals the presence of large centrosymmetric 
chrysanthemum-like crystals. The cross section micrograph, Figure 4.26.b, shows the 
morphology of a brittle fracture with cleavage surfaces.  However, Figure 4.26.b 
(a) 
(b) 
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shows no evidence of crystalline structure in the cross-section of the same sample. 
EDS spectra taken from the crystalline regions revealed that those crystals have a 
chemical stoichiometry between a TeO2 and K2Te4O9 phases. SEM micrograph taken 
from the cross section of the 0.80TeO2–0.20K2O sample heat-treated to 3400C shows 
EDS spectra taken from several locations of the cross-section revealed a mean 
chemical composition value close to the nominal composition, indicating the 
presence of only the amorphous glass matrix in the bulk of this sample. Thus, on the 
basis of SEM/EDS investigations, only surface crystals are present in the 0.80TeO2–
0.20K2O sample heat-treated to 340 0C followed by quenching in air. Table 4.7 
shows the EDS study of the crystals of the 0.80TeO2–0.20K2O sample heated to 
3400C. 
 
  
Figure 4.26: SEM micrographs taken from the (a) surface, (b) cross-section regions 
of 0.80TeO2 -0.20 K2O sample heat-treated at 340°C and followed by quenching in 
air.  
 
(a) 
(b) 
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Table 4.7:  EDS study for the 0.80TeO2 -0.20 K2O sample, heat-treated at 340°C. 
Element Weight % 
O 9.9 ± 0.5   
Te 84.3 ± 0.3   
K 6.5 ± 0.3 
Figures 4.27 are the representative SEM micrograms from, respectively, surface and 
cross-section of the 0.80TeO2–0.20K2O sample heated to 3850C. Crystalline plates 
between 10 – 25 µm in length and 5 – 7 µm in thickness stacked in 2D orientation 
are present on the surface of the 0.80TeO2–0.20K2O sample. The EDS results 
revealed that these prisms have chemical stochiometry of K2Te4O9- rich crystals. 
 
  
Figure 4.27: SEM micrographs taken from the (a) surface, (b) cross-section regions 
of 0.80TeO2 -0.20 K2O sample heat-treated at 3850C and followed by quenching in 
air.  
 
(a) 
(b) 
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Table 4.8: EDS study for the 0.80TeO2 -0.20 K2O sample, heat-treated at 3850C. 
Element Weight % 
O 18.9 ± 0.3 
Te 71.5 ± 1.0 
K 9.2 ± 0.4 
4.4. Crystallization Kinetics 
The DTA analysis of the as-cast 0.95TeO2-0.05K2O, 0.90TeO2-0.10K2O, 0.85TeO2-
0.15K2O and 0.80TeO2-0.20K2O glasses samples scanned at the heating rates of 5, 
10, 15, and 20oC/min, respectively. As expected, both the Tg and Tp temperatures 
shift to higher values with increasing rate, this behavior also reported in the DTA 
studies of other glass systems [9, 11, 12, 15-21, 42-44].  
From the DTA plots for the glass samples that carried out with different heating 
rates, respective Ozawa plots (ln(−ln(1−x)) vs. ln Φ) of the exothermic peaks are 
obtained. The Avrami parameters, n, were determined from the slope of the curves 
and found to be 0.88, 1.78, 1.77 and 0.86 for the first exotherms of the 0.95TeO2-
0.05K2O, 0.90TeO2-0.10K2O, 0.85TeO2-0.15K2O and 0.80TeO2-0.20K2O glasses, 
respectively and considering experimental errors, first and fourth values can be taken 
as n = 1 and second and third as n = 2. And for the second exotherms of 0.85TeO2-
0.15K2O and 0.80TeO2-0.20K2O, n values were calculated as 1.87 and 1.68 which 
can be considered as n = 2. Table 4.9 shows the Avrami constants corresponding to 
the first and second exotherms of glass samples. Avrami constants, n = 1 revealed 
that the crystalline phase occurs via surface crystallization mechanism and n = 2 
corresponds to two-dimensional growth of crystals. [6, 28]. Tp and φ  values are used 
to plot ln(φ /Tp2)  as a function of 1/Tp to calculate the activation energy. 
Table 4.9: Avrami constants, n, of the exotherms. 
 
     Sample Avrami constant, n 
    0.95TeO2-0.05K2O                   0.88  ≈ 1 
    0.90TeO2-0.10K2O                   1.78  ≈ 2 
0.85TeO2-0.15K2O 
1.77 ≈ 2 
1.87 ≈ 2 
0.80TeO2-0.20K2O 
0.86 ≈ 1 
1.68 ≈ 2 
 42
In Figures 4.28. to 4.31. show the parameters measured in four different non-
isothermal DTA analysis provide a linear fit of data points (where R=8.31 J/K-mol). 
The activation energies, Q, were calculated as 559.8, 662.7, 424.6 and 740.6 kJ/mol 
for the first crystallizations of all four compositions, respectively.  The activation 
energies of second exotherms of 0.85TeO2-0.15K2O and 0.80TeO2-0.20K2O samples 
were calculated as 387 and 692.5 kJ/mol, respectively. 
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Figure 4.28: The modified Kissinger plot pertaining to the exotherm of the 
0.95TeO2-0.05K2O sample.            
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 Figure 4.29: The modified Kissinger plot pertaining to the exotherm of the 
0.90TeO2 -0.10 K2O samples. 
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Figure 4.30: The modified Kissinger plot pertaining to the (a) first exotherm, (b) 
second exotherm of the 0.85TeO2-0.15K2O samples. 
(a) 
(b) 
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Figure 4.31: The modified Kissinger plot pertaining to the (a) first exotherm, (b) 
second exotherm of the 0.80TeO2-0.20K2O samples. 
4.5. Optical Properties 
4.5.1. Absorption spectra 
The absorption spectra (uncorrected for reflection and scattering losses) of four 
representative compositions (x =0.05, 0.10, 0.15 and 0.20) for the (1-x)TeO2-(x) K2O 
glass system are shown in Figure 4.27. All these glasses have good transparency 
from 1100 nm (the highest possible wavelength available with the experimental 
setup) down to 380 nm. The sample started to absorb completely at a characteristic 
(a) 
(b) 
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wavelength called the ultraviolet transmission cutoff (λcutoff) [45]. For the 0.95TeO2-
0.05 K2O glass sample the cutoff wavelength is at 376 nm. λcutoff shifted towards a 
shorter wavelength (356 nm) by 0.85TeO2-0.15K2O system. However, λcutoff 
increases to 380 nm when the K2O content is 10 mol% which corresponds to the 
second glass sample. The λcutoff value of the sample having the highest K2O content 
is 366 nm, which is the second shortest ultraviolet transmission cutoff wavelength. 
There is no correlation between the λcutoff and K2O content. As Figure 4.27 reveals 
λcutoff values ranging between 356 and 380 nm were determined in this TeO2- K2O 
system (x = 0.05, 0.10, 0.15 and 0.20).   
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Figure 4.32: Absorption spectra of the studied glasses. 
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5. CONCLUSIONS 
In this study, thermal properties of (1-x)TeO2-xK2O binary glasses ( x = 0.05, 0.10, 
0.15, 0.20 in molar ratio) were investigated in order to examine the effect of K2O 
content.  
The results provided by the investigations, which have been explained in the 
experimental part, are summarized below.  
1. DTA investigations showed that the peak crystallization temperatures vary 
from 3640 C and 4210 C with the increase in the heating rate. Two exotherms 
were observed in the DTA curves of 0.80TeO2- 0.20K2O and 0.85TeO2- 
0.15K2O glasses while the 0.95TeO2- 0.05K2O and 0.90TeO2- 0.10K2O 
glasses having one for each.  
2. According to glass forming tendency values the glass having a K2O 
concentration of  0.10 mol is the easiest to form glass.  
3. The glass transition temperature of these glasses increases with the increase 
of K2O content. 
4. For all four TeO2- K2O untreated glass samples, K2Te4O9 phase is found as a 
dominant phase formed because of a phase separation. 
5. XRD investigations shows that, all the heat-treated glasses contains K2Te4O9, 
α-TeO2 and γ-TeO2 phases at varying amounts according to the composition 
and increase in the amount of K2O content inhibits the crystallization of the 
TeO2 phase.  
6. In the XRD study of the 0.85 TeO2- 0.15 K2O glasses, it is observed that the 
amount of γ-TeO2 decreased to 4300C inferring that the second exotherm is a 
result of γ-TeO2 ? α-TeO2 transformation. 
7. The Raman spectra of (1-x)TeO2-xK2O untreated glasses revealed that the 
addition of K2O, brings about the conversion of the TeO4 tbp units with 
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bridging oxygen atoms BO into the TeO3 tp units with non-bridging oxygen 
atoms. 
8. Raman study of crystallized samples indicated the dominant existence of α-
TeO2 for 0.95TeO2-0.05K2O and 0.90TeO2-0.10K2O compositions and for 
0.85 TeO2- 0.15 K2O and 0.80TeO2- 0.20K2O compositions revealed the 
coexistence of K2Te4O9, α-TeO2 and γ-TeO2 phases, by supporting the XRD 
study. 
9. SEM studies reveals; the second exotherm is associated to the crystallization 
of the K2Te4O9 phase for the 0.85 TeO2- 0.15 K2O and 0.80TeO2- 0.20K2O 
glasses, while the TeO2 phase is dominant for the 0.95 TeO2- 0.05 K2O heat-
treated sample. 
10. In the case of the 0.95TeO2–0.05K2O glass, the TeO2-rich crystals were 
centrosymmetrically oriented long stripes.  These crystals were formed as a result of 
surface crystallization.   
11. The microstructures of the 0.90TeO2–0.10K2O, and the first crystallization 
conditions of the 0.85TeO2–0.15K2O and 0.80TeO2–0.20K2O glasses comprised 
angular wedge-shaped regions existed both in the surface and cross-section having 
varying amounts of Te, O and K.   
12. In the second crystallization conditions of the 0.85TeO2–0.15K2O and 0.80TeO2–
0.20K2O sample contained colonies of pure polygonal-shaped K2Te4O9 crystalline 
phases both in the surface and cross-section.   
13. It is observed that, in TeO2 glass systems having unique exotherm in DTA 
thermograms, the crystallization peak refers to the formation of the stable α-
TeO2 crystals from glass matrix and moreover, systems with more exotherms 
the first peak corresponds to the crystallization of metastable γ-TeO2 phase 
and one of later peak correspond to the transformation of γ-TeO2 to stable α-
TeO2. On the basis of all characterization experiments this phenomenon is 
iterated in this present investigation. 
14. According to the examination of crystallization mechanisms, it is seen that in 
the first transformation temperatures of 0.95 TeO2- 0.05 K2O and 0.80TeO2- 
0.20K2O glasses, the crystalline phases occur via surface crystallization and 
the crystals of 0.90TeO2- 0.10K2O, 0.85 TeO2- 0.15 K2O and 0.80TeO2- 
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0.20K2O are formed or transformed from the first crystalline structure due to 
the two-dimensional growth of crystals. 
15. The activation energies were calculated as 559.8, 662.7, 424.6 and 740.6 
kJ/mol for the first crystallizations of 0.95TeO2-0.05K2O, 0.90TeO2-
0.10K2O, 0.85TeO2-0.15K2O and 0.80TeO2-0.20K2O samples, respectively.  
The activation energies of second exotherms of 0.85TeO2-0.15K2O and 
0.80TeO2-0.20K2O samples were calculated as 387 and 692.5 kJ/mol, 
respectively. 
16. On the basis of the UV spectrometer absorption studies, it is determined that 
all these glasses have a transparency from 1100 nm down to 380 nm. 
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APPENDIX A 
 
Joint Committee on Powder Diffraction Standards (JCPDS) of 
1) Paratellurite (α-TeO2) Card No.: 42-1365 
2) Tellurite (γ-TeO2) Card No.: 9-433 
3) Potassium tetratellurate (K2Te4O9) Card No.: 28-206 
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1) 
 
42-1365               JCPDS-ICDD Copyright 1994                      QM=* 
 
TeO2 
 
Tellurium Oxide                                              Paratellurite, syn 
-------------------------------------------------------------------------------- 
Rad: CuKÓ1     Lambda: 1.540598        Filter: Mono.         d-sp: Diff. 
Cutoff: 22.1   Int: Diffractometer     I/Icor: 8.7 
Ref: Blanchard, F., Dept. of Geology, University of Florida, Gainesville, 
Florida, USA, ICDD Grant-in-Aid, (1990) 
-------------------------------------------------------------------------------- 
Sys: Tetragonal             S.G.: P41212 (92) 
a: 4.81011(8)     b:                c: 7.6122(4)      A:           C: 1.5825 
A:                B:                C:                Z: 4      mp: 
Ref: Ibid. 
 
Dx:  6.02     Dm:           SS/FOM: F30=85(.010,35) 
-------------------------------------------------------------------------------- 
ea:             nwB: NM>2.05    ey:             Sign:      2V: 
Ref: Switzer, G., Swanson, H., Am. Mineral., 45 1272 (1960) 
 
82 reflections in pattern.  Page 1 of 3.  Radiation=  1.54060 
 
+--------------------------------------Ê--------------------------------------+ 
¦ 2-theta ¦ Int.  ¦        h k l          ¦ 2-theta  ¦ Int. ¦        h k l            ¦ 
+--------+-----+------------------Î-------- -+-----+----------------------¦ 
¦ 21.846  ¦   8   ¦        1  0  1       ¦ 53.878  ¦  11 ¦        2  2  0          ¦ 
¦ 26.186  ¦  95  ¦        1  1  0       ¦ 55.275  ¦  19 ¦   1  1  4,   2  2  1 ¦ 
¦ 28.739  ¦  14  ¦        1  1  1       ¦ 55.993  ¦   3  ¦        2  1  3          ¦ 
¦ 29.934  ¦ 100 ¦        1  0  2       ¦ 58.820  ¦   1  ¦        3  0  1          ¦ 
¦ 35.370  ¦   1   ¦        1  1  2       ¦ 59.472  ¦  <1 ¦        2  2  2          ¦ 
¦ 37.359  ¦  15  ¦        2  0  0       ¦ 60.843  ¦   6  ¦        3  1  0          ¦ 
¦ 39.263  ¦   1   ¦        2  0  1       ¦ 62.143  ¦  10 ¦   2  0  4,   3  1  1 ¦ 
¦ 40.147  ¦  <1  ¦        1  0  3       ¦ 62.833  ¦   6  ¦        3  0  2          ¦ 
¦ 41.976  ¦   1   ¦        2  1  0       ¦ 64.104  ¦   1  ¦        1  0  5          ¦ 
¦ 43.692  ¦   4   ¦        2  1  1       ¦ 65.461  ¦  <1 ¦        2  1  4          ¦ 
¦ 44.524  ¦   1   ¦   1  1  3,   2  0  2 ¦ 66.10 ¦   2  ¦   2  2  3,   3  1  2 ¦ 
¦ 47.753  ¦   8   ¦        0  0  4       ¦ 67.339  ¦  <1 ¦        1  1  5          ¦ 
¦ 48.586  ¦  47  ¦        2  1  2       ¦ 69.256  ¦   1  ¦        3  0  3          ¦ 
¦ 51.604  ¦  <1  ¦        1  0  4       ¦ 71.790  ¦   2  ¦        3  2  1          ¦ 
¦ 52.376  ¦  <1  ¦        2  0  3       ¦ 72.377  ¦   1  ¦        3  1  3          ¦ 
+--------------------------------------_--------------------------------------+ 
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2) 
 
9- 433                JCPDS-ICDD Copyright 1994                      QM=i 
 
TeO2 
 
Tellurium Oxide                                                       Tellurite 
-------------------------------------------------------------------------------- 
Rad: CuKÓ1     Lambda: 1.54056         Filter: Ni            d-sp: 
Cutoff:        Int: Diffractometer     I/Icor: 
Ref: Natl. Bur. Stand. (U.S.), Circ. 539, 9 57 (1960) 
-------------------------------------------------------------------------------- 
Sys: Orthorhombic           S.G.: Pbca (61) 
a: 5.607          b: 12.034         c: 5.463          A: 0.4659    C: 0.4540 
A:                B:                C:                Z: 8      mp: 
 
Dx:  5.75     Dm:  4.90     SS/FOM: F30=23(.019,69) 
-------------------------------------------------------------------------------- 
ea: 2.00(5)     nwB: 2.18(2)     ey: 2.35(2)     Sign: +    2V: ~90° 
Ref: Dana's System of Mineralogy, 7th Ed., I 593 
 
39 reflections in pattern.  Page 1 of 2.  Radiation=  1.54060 
 
+--------------------------------------Ê--------------------------------------+ 
¦ 2-theta  ¦ Int  .¦        h k l          ¦ 2-theta  ¦ Int .¦         h k l         ¦ 
+---------+-----+----------------------Î---------+-----+----------------------¦ 
¦ 14.728  ¦   6    ¦        0  2  0       ¦ 51.131  ¦  10 ¦        1  6  1       ¦ 
¦ 21.929  ¦  12   ¦        0  2  1       ¦ 51.942  ¦  20 ¦        2  3  2       ¦ 
¦ 23.882  ¦  95   ¦        1  1  1       ¦ 52.230  ¦  18 ¦        3  1  1       ¦ 
¦ 27.165  ¦ 100  ¦        1  2  1       ¦ 53.413  ¦  10 ¦        1  1  3       ¦ 
¦ 29.676  ¦  50   ¦        0  4  0       ¦ 54.025  ¦  18 ¦        3  2  1       ¦ 
¦ 31.937  ¦  25   ¦        1  3  1       ¦ 55.080  ¦  10 ¦        1  2  3       ¦ 
¦ 32.778  ¦  45   ¦        2  1  0       ¦ 56.906  ¦   8  ¦        0  6  2       ¦ 
¦ 33.982  ¦   6    ¦        0  4  1       ¦ 57.943  ¦   8  ¦        1  3  3       ¦ 
¦ 36.604  ¦  10   ¦        1  0  2       ¦ 58.626  ¦   4  ¦        1  7  1       ¦ 
¦ 39.170  ¦  25   ¦        2  3  0       ¦ 61.005  ¦  12 ¦        2  5  2       ¦ 
¦ 44.142  ¦  20   ¦        1  5  1       ¦ 61.703  ¦   4  ¦        1  4  3       ¦ 
¦ 44.763  ¦  20   ¦        0  4  2       ¦ 63.387  ¦  10 ¦        2  7  0       ¦ 
¦ 47.046  ¦  25   ¦        2  1  2       ¦ 65.464  ¦   6  ¦        3  5  1       ¦ 
¦ 48.294  ¦   4    ¦        0  6  1       ¦ 66.266  ¦   8  ¦        1  7  2       ¦ 
¦ 49.903  ¦  10   ¦        2  5  0       ¦ 66.624  ¦   8  ¦        4  0  0       ¦ 
¦ 70.987  ¦  10   ¦        1  0  4       ¦              ¦       ¦                         ¦ 
¦ 71.503  ¦   8    ¦        1  1  4       ¦              ¦       ¦                         ¦ 
¦ 73.027  ¦  12   ¦        1  2  4       ¦              ¦       ¦                         ¦ 
¦ 73.429  ¦   6    ¦        2  8  1       ¦              ¦       ¦                         ¦ 
¦ 74.624  ¦   8    ¦        4  4  0       ¦              ¦       ¦                         ¦ 
¦ 75.025  ¦   4    ¦        1  9  1       ¦              ¦       ¦                         ¦ 
¦ 76.163  ¦   8    ¦        4  0  2       ¦              ¦       ¦                         ¦ 
¦ 76.561  ¦   6    ¦        0  4  4       ¦              ¦       ¦                         ¦ 
--------------------------------------_--------------------------------------+ 
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3) 
 
28-806                JCPDS-ICDD Copyright 1994                      QM= 
 
K2Te4O9 
 
Potassium Tellurate 
 
-------------------------------------------------------------------------------- 
Rad:           Lambda:                 Filter:               d-sp: 
Cutoff:        Int: Visual             I/Icor: 
Ref: Julien et al., C. R. Hebd. Seances Acad. Sci., 274 382 (1972) 
 
-------------------------------------------------------------------------------- 
Sys:                        S.G.: 
a:                b:                c:                A:           C: 
A:                B:                C:                Z:        mp: 
Ref: 
 
Dx:           Dm:           SS/FOM: 
-------------------------------------------------------------------------------- 
 
17 reflections in pattern.  Page 1 of 1.  Radiation=  1.54060 
 
+--------------------------------------Ê--------------------------------------+ 
¦ 2-theta  ¦ Int. ¦        h k l        ¦ 2-theta ¦ Int.¦        h k l         ¦ 
+---------+-----+----------------------Î---------+-----+----------------------¦ 
¦ 12.300  ¦ 100 ¦                       ¦ 41.786  ¦ 100 ¦                      ¦ 
¦ 15.004  ¦  40  ¦                       ¦ 44.416  ¦  40  ¦                      ¦ 
¦ 20.399  ¦  30  ¦                       ¦              ¦        ¦                      ¦ 
¦ 23.083  ¦  40  ¦                       ¦              ¦        ¦                      ¦ 
¦ 24.435  ¦  20  ¦                       ¦              ¦        ¦                      ¦ 
¦ 26.347  ¦  30  ¦                       ¦              ¦        ¦                      ¦ 
¦ 28.282  ¦ 100 ¦                       ¦              ¦        ¦                      ¦ 
¦ 29.024  ¦ 100 ¦                       ¦              ¦        ¦                      ¦ 
¦ 30.002  ¦ 100 ¦                       ¦              ¦        ¦                      ¦ 
¦ 31.498  ¦  20  ¦                       ¦              ¦        ¦                      ¦ 
¦ 32.485  ¦  20  ¦                       ¦              ¦        ¦                      ¦ 
¦ 33.982  ¦  40  ¦                       ¦              ¦        ¦                      ¦ 
¦ 37.201  ¦  20  ¦                       ¦              ¦        ¦                      ¦ 
¦ 38.101  ¦  20  ¦                       ¦              ¦        ¦                      ¦ 
¦ 39.985  ¦  40  ¦                       ¦              ¦        ¦                      ¦ 
+--------------------------------------_--------------------------------------+ 
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